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The ATPases of isolated membranes of lactic acid bacteria were found to be inhibited by fluoride in a complex
manner. Among the enzymes tested, that of Streptococcus mutans GS-5 was the most sensitive to fluoride, and
the initial rate of hydrolysis of ATP was reduced 50% by approximately 3 mM fluoride. The enzyme of
Lactobacillus casei ATCC 4646 was the most resistant, and about 25 mM fluoride was required for 50%
inhibition. The response to fluoride appeared to involve reversible, noncompetitive inhibition during short
exposure to low levels of fluoride and nonreversible inhibition at higher fluoride levels. In addition, kinetic
studies of the effects of fluoride on the enzymes of membranes of S. mutans and L. casei indicated that reversible
inhibition was at least partly overcome at high levels of either ATP or Mg. The effects of pH on fluoride
inhibition of ATPases were markedly different from the effects of pH on inhibition of acid/base regulation of
intact cells by fluoride. It appeared that formation of HF was not required for inhibition of the ATPases. F1
ATPases isolated from the membranes by washing with buffers of low ionic strength proved to be less sensitive
to fluoride than the membrane-associated FIFO holoenzymes, and it was concluded that the Fo or membrane
sector of the holoenzyme is involved in fluoride inhibition.

Fluoride is considered to have played a major role in the
reduction of dental caries in the past decades in the indus-
trialized countries. It is added as an anticaries agent to a
variety of vehicles, particularly drinking water and tooth-
pastes. Current views of its anticaries action center on
incorporation into the mineral phases of teeth with resultant
reductions in acid solubilization and enhancement of remin-
eralization. The early view of Bibby and van Kesteren (5)
that the anticaries effect was related to antimicrobial actions
was set aside for years because the low levels of fluoride
found in saliva, ca. 5.5 puM (21), were well below the levels
needed for significant antimicrobial effects. However,
Dawes et al. (7) found that dental plaque can concentrate
fluoride to levels as high as about 2.5 ,umol/g (wet weight).
Subsequent studies have confirmed these findings of fluoride
concentration by plaque. Indeed, the level in plaque fluid
after a rinse with 20 mM NaF solution has been found to rise
to ca. 22 mM (21) and to remain at millimolar levels for long
periods after exposure. In addition, fluoride in enamel of
teeth can move into plaque during acid dissolution (15). The
fluoride in plaque appears to be readily extracted with dilute
acids (17). Overall, it seems that these high levels of fluoride
in plaque cannot be ignored in relation to possible direct
antimicrobial effects on plaque bacteria, although there is
evidence that plaque bacteria may be able to adapt physio-
logically to function in the presence of initially inhibitory
levels of fluoride (12).
The antimicrobial action of fluoride is itself complex.

Fluoride affects many metabolic enzymes. Enolase is partic-
ularly sensitive, and inhibition of this enzyme can reduce the
supply of phosphoenolpyruvate for use by the phosphotrans-
ferase system and so inhibit sugar uptake as well as gly-
colysis. Fluoride also inhibits processes such as glycogen
synthesis (11) and peroxidase activity (22). Recently, the
action of fluoride in dissipating ApH across the cell mem-
brane has been demonstrated (8, 13), and fluoride has been
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found to increase the proton conductivities of cell mem-
branes (4), especially at the low pH values of carious dental
plaque. The increases in transmembrane movements of
protons caused by fluoride can be interpreted at least partly
in terms of the weak-acid properties of fluoride, which has a
pKa of 3.15, and a carrier function for HF in bringing protons
across the lipoidal barriers of the membrane from an acidi-
fied environment to a relatively alkaline cytoplasm. How-
ever, as described in this paper, in a previous short paper
(16), and in a preliminary communication by Kashket (J.
Dent. Res. 65:736, 1986), fluoride can also inhibit the proton-
translocating ATPases of streptococcal cell memnbranes and
may enhance net permeability of cells to protons by inhibit-
ing proton transport out of the cell catalyzed by the en-
zymes.

MATERIALS AND METHODS
Membrane isolation. The bacterial strains used for mem-

brane isolation were Bacillus megaterium ATCC 13632,
Lactobacillus casei ATCC 4646, Streptococcus faecium
ATCC 9790, Streptococcus lactis ATCC 19435, Streptococ-
cus milleri ATCC 9895, Streptococcus mutans GS-5, Strep-
tococcus salivarius ATCC 13419, and Streptococcus sanguis
NCTC 10904. In a typical procedure for isolation of mem-
branes, S. mutans GS-5 was grown at 37°C statically in brain
heart infusion broth (BBL Microbiology Systems, Cockeys-
ville, Md.) supplemented with 2% (wt/vol) glucose and 20
mM DL-threonine. Cells were harvested by centrifugation
when the culture had reached the late exponential stage of
growth and the medium pH was about 5.2. The cells were
washed twice with cold water, and cells from 1 liter of
culture were suspended in 40 ml of osmotic buffer containing
0.5 g lysozyme and 2,000 U of mutanolysin (Sigma Chemical
Co., St. Louis, Mo.). The suspension was sonicated twice
for 15 s each time. The suspension was then added to 160 ml
of warm (37°C) osmotic buffer and incubated with gentle
shaking at 37°C for 2 h. Osmotic buffer contained 0.4 M
sucrose, 2 mM MgSO4, and 74 mM Tris (pH 7.5).
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The resulting suspension of spheroplasts was centrifuged
at 9,000 x g for 20 min at 4°C. The pelleted cells were
resuspended in 60 ml of Senior membrane buffer (19), and
NaCl was added so that the final concentration in the
suspension was 0.8 M. The suspension quickly became
viscous. DNase and RNase were added from stock solutions
stored at -20°C in membrane buffer to give a final concen-
tration of 0.01 mg/ml for each. Senior's membrane buffer
contained 40 mM e-amino-n-caproic acid, 6 mM p-amino-
benzamidine, 10 mM MgSO4, 10% (vol/vol) glycerol, and 50
mM Tris (pH 7.0). The suspension of lysing spheroplasts was
incubated at room temperature for 30 to 45 miq with occa-
sional swirling. Membranes were pelleted by centrifugation
at 31,000 x g for 30 min at 4°C and were washed twice with
30-ml portions of Senior membrane buffer. Each wash was
for 30 min at ice temperature. The final membrane pellet was
frozen at -20°C and retained ATPase activity for several
months.

Prior to use, each membrane pellet was thawed, resus-
pended in membrane buffer (20 mi/liter of original culture),
and assayed for protein by the method of Lowry et al. (14),
with bovine serum albumin as standard. This resuspended
membrane retained activity for several weeks when stored at
40C.
A number of modifications of this basic procedure were

used for the other bacteria listed. The procedure of Abrams
et al. (1) was used to obtain spheroplasts of S. faecium with
use of only lysozyme and no mutanolysin. The spheroplasts
were then induced to undergo lysis in Senior membrane
buffer by use of 0.8 M NaCl. The final NaCI concentration
for inducing lysis of spheroplasts of S. sanguis was 1.0 M.
For all of the other lactic acid bacteria, the procedure used
was exactly that used for S. mutans. Protoplasts of B.
megaterium were prepared by the procedure described by
Corner and Marquis (6).
ATPase assays. ATPase activities were assessed in terms

of amounts of phosphate released from ATP. Materials for
the Fiske-SubbaRow (9) assay of phosphate were obtained
from the American Monitor Corp., Indianapolis, Ind. The
reaction buffer for all assays contained 50 mM Tris maleate
and 10 mM MgSO4. The reaction was generally started by
addition of 5 mM Tris ATP to a suspension of membranes at
37°C. The unit of enzyme activity was defined in terms of
micromoles of phosphate released per minute per milligram
of membrane protein or total protein for the F1 subcomponent.

Isolation of F1 ATPase. The F1 enzyme was isolated from
membranes by the method of Senior et al. (19), which
involves washing the membranes with buffers of low ionic
strength. The F1 preparations were centrifuged at 100,000 x
g for 2 h prior to use. The F1 enzyme was found to be
insensitive to inhibition by dicyclohexylcarbodiimide.

RESULTS

Fluoride inhibition of membrane-associated ATPases. Fig-
ure 1 presents data on the-inhibition by fluoride of ATP
hydrolysis by isolated membranes of S.faecium ATCC 9790,
S. mutans GS-5, S. sanguis NCTC 10904, and L. casei
ATCC 4646. The general pattern of inhibition was similar for
all of the organisms, although there were differences in the
sensitivities of the various enzymes to fluoride. Similar data
were obtained also for membranes isolated from cells of S.
milleri ATCC 9895, S. salivarius ATCC 13419, S. lactis
ATCC 19435, and B. megaterium ATCC 13632. Values for
the approximate concentrations of fluoride required for 50%
reduction in the initial rate of hydrolysis are presented in

Table 1. The range of sensitivities is from that of the enzyme
of S. mutans GS-5, which was 50% inhibited by about 3 mM
fluoride, to that of the enzyme from L. casei ATCC 4646,
which was 50% inhibited by about 25 mM fluoride. The
enzyme studied previously from S. faecium ATCC 9790 was
less sensitive to fluoride than the enzymes from the other
streptococci tested.

All of the curves in Fig. 1 show decreasing enzymatic
activities with time, even though the initial ATP conceptra-
tion was in excess at 5 mM. The basis for diminished activity
did not appear to be enzyme inactivation in control suspen-
sions but product inhibition by the ADP formed. The pattern
of inhibition of ATP hydrolysis by ADP for membranes of S.
mutans, S. sanguis, and L. casei is shown in Fig. 2.
The decrease in enzymatic activity with time was greatly

increased by fluoride, and for S. mutans, 5, 10, or 20 mM
fluoride acted to stop completely hydrolysis after about 10
min of incubation, well before ADP became inhibitory to any
significant extent. The activity was not restored when the
membranes were washed with fluoride-free buffer or were
soaked in fluoride-free buffer overnight at 4°C, even though
these procedures did not result in significant reduction in the
activities of control enzymes. In essence, it seems that
fluoride causes inhibition of the enzymes in two ways-a
rapid, reversible manner, and a slower, not readily revers-
ible manner. We refer to these two modes of inhibition as
reversible and irreversible, even though the latter may
possibly be reversed under some as yet undetermined set of
conditions.
Dependence of inhibition on pH. The inhibition of mem-

brane-associated ATPases by fluoride did not appear to have
a strong dependence on pH in the range of values normally
in dental plaque as shown by the data presented in Table 2.
This relative insensitivity to pH changes contrasts with the
responses of intact cells to fluoride (8).

Kinetics of short-term fluoride inhibition. Data are pre-
sented in Fig. 3 for assessment of kinetic parameters of the
ATPases of isolated membranes from cells of S. mutons
GS-5 and L. casei ATCC 4646. The points show initial rates
of hydrolysis over ranges of concentrations of ATP and Mg;
1 mM fluoride was used to inhibit the enzyme of S. mutans,
while 5 mM fluoride was used to inhibit the more resistant
enzyme of L. casei. The Lineweaver-Burk plots show coop-
erative kinetics in relation both to ATP and Mg. Here the
enzyme activities have been viewed in terms of two kinetic
sites, one with higher affinities for the substrates and one
with lower affinities.
With the enzyme from S. mutans, fluoride had more

dramatic effects when ATP was the limiting substrate with
excess Mg than when Mg was the limiting substrate with
excess ATP. At low concentrations, less than about 1 mM,
fluoride acted to decrease the Kin, but only from about 0.38
to 0.30 mM, and to decrease Vmax, from about 0.33 to 0.21
F±mol of phosphate per min per mg of membrane protein. At
higher substrate concentrations also, fluoride acted to de-
crease the Km somewhat, and although the intercept with the
ordinate axis of the figure shows a reduced Vmax for the
enzyme exposed to 1 mM fluoride, still the action of fluoride
resulted in an increase in the slope of the line relating
1/velocity to 1/ATP concentration. Thus, it seems that much
of the inhibition caused by fluoride at low substrate concen-
trations is reversed at high substrate concentrations. Similar
effects of fluoride are apparent in the data for hydrolysis with
Mg as the limiting substrate in the presence of excess ATP,
but the effects are not as marked as those with ATP as
limiting substrate.
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FIG. 1. Inhibition of membrane ATPases by fluoride. Reaction mixtures included isolated membranes, 10 mM Mg2", fluoride at the

indicated concentrations, and 50 mM Tris maleate at pH 6.0 for S. mutans (A), pH 7.5 for S. sanguis (B), pH 6.5 for L. casei (C), and pH
7.0 for S. faecium (D). The mixture was incubated for 10 min at 37°C. and the reaction was started by addition of Tris ATP to yield a final
concentration of 5 mM. Fluoride concentrations (millimolar) were 0 (Q,. 1 (0), 2.5 (0), 5 (C), 10 (O), and 20 (-).
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TABLE 1. Fluoride inhibition of membrane-associated ATPases

Fluoride concn (mM)

Organism for 50% reduction
in initial rate of

hydrolysis of ATPa

S. mutans GS-5 ...................................... 3
S. milleri ATCC 9895................................. 4
S. sanguis NCTC 10904 .............................. 5
S. lactis ATCC 19435 ................................ 5
S. salivarius ATCC 13419 ............................ 10
S. faecium ATCC 9790 ............................... 12
B. megaterium ATCC 13632.......................... 20
L. casei ATCC 4646.................................. 25

a All assays were carried out with membranes in suspension with 5 mM
ATP, 10 mM Mg2 +, and 50 mM Tris maleate buffer at the optimal pH for each
enzyme.

The enzyme of L. casei was more fluoride resistant than
that of S. mutans but did show cooperation and different
effects of fluoride at low compared with high substrate
levels. However, for the L. casei enzyme, the cooperative
effects were more dramatic when Mg was the limiting
substrate than when ATP was limiting (Fig. 3). At a low Mg
concentration, fluoride at a level of 5 mM acted to decrease
the Km from about 0.76 to 0.39 mM and to decrease the Vmax
from about 1.00 to 0.24 ,umol of phosphorus released per min
per mg of membrane protein. At high substrate concentra-
tions, fluoride acted to increase the Km, and again, the
enhancement of cooperation resulted in a Vmax for the
fluoride-treated membranes that was about the same as that
for the control membranes. The effects of fluoride when ATP
was limiting were less dramatic.
The Vmax values for the L. casei membranes were about

3.1 pLmol of phosphate per min per mg of membrane protein
when the ATP level was varied and about 4.0 when the Mg
level was varied. These values were higher than the values of
about 1.0 for the membranes of S. mutans obtained when the
level of either of the substrates was varied. In essence, the
membranes of L. casei appeared to have greater ATPase
capacities (per milligram of membrane protein) than did the
membranes of S. mutans.

Fluoride inhibition of isolated F1 ATPases. F1 ATPases
were isolated from cell membranes by means of washing
with buffer of low ionic strength (20). The isolated F1
enzymes were fully capable of hydrolyzing ATP but were
resistant to the inhibitory action of dicyclohexylcarbo-
diimide. Unexpectedly, the F1 enzymes were less sensitive
to fluoride than were the membrane-associated F1F0 holo-
enzymes. Typical data for the F1 enzyme from S. mutans are
shown in Fig. 4. The pattern of inhibition differs from that
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FIG. 2. Inhibition of membrane ATPases by ADP. The reaction
mixtures were the same as those described in the legend to Fig. 1
except that ADP at the concentrations indicated was added before
addition of ATP; 100% activities in enzyme units were 0.43 for S.
sanguis, 0.82 for S. mutans, and 3.44 for L. casei.

shown in Fig. 1. With the F1 enzyme, fluoride at a concen-
tration of 5 mM had little effect on initial rate of hydrolysis
(only 4% inhibition at 1 min), and even after 15 min, the
inhibition was only about 16%. Moreover, fluoride at higher
levels, including 50 mM, which completely inhibited the
holoenzyme attached to the membrane could actually be
stimulatory for the F1 enzyme, mainly in terms of initial rates
of reaction.
As indicated by the data presented in Table 3, a similar

pattern of responses was found for F1 enzymes from S.
sanguis and L. casei. Fluoride at a concentration of 5 mM
had little effect on initial rates of hydrolysis. Fluoride at
higher levels of 10 or 20 mM was inhibitory; at a level of 50
mM, fluoride was actually stimulatory. Fluoride did cause
inhibition over longer times, but there was less final inhibi-
tion by fluoride at a concentration of 50 mM than at 10 or 20
mM.

DISCUSSION
The development of techniques for isolation of mem-

branes from a variety of oral bacteria (4, 18) has opened the
way for comparative studies of the proton-translocating
ATPases of the bacteria, which appear to play major roles in

TABLE 2. pH dependence of fluoride inhibition of membrane-associated ATPases

% Inhibition at fluoride level (mM)":

pH S. mutans S. sanguis L. casei

1.0 2.5 5.0 10.0 1.0 2.5 5.0 10.0 1.0 2.5 5.0 10.0

7 11 15 13 43 14 67 56 66 -3 29 18 43
6 24 39 56 64 2 7 65 78 -11 38 58 69
5 11 45 62 81 32 61 77 91 9 58 77 87
4 15 49 71 74 34 67 82 86
a All assays were carried out with the standard assay mixture to which KF solutions were added. Phosphate analyses were carried out after 30 min of

incubation. For S. mutans membranes, activity was maximal at pH 6.0; the activity was reduced 37% at pH 7.0, 24% at pH 5.0, and 41% at pH 4.0. For S. sanguis
membranes, activity was maximal at pH 7.0; the activity was reduced 6% at pH 6.0 and 5.0, but 88% at pH 4.0. For L. casei membranes, activity was maximal
at pH 6.0; the activity was reduced 3% at pH 7.0, 7% at pH 5.0, and 27% at pH 4.0. The percent inhibition in each case was calculated as the percent of the zero
fluoride value at the specific pH.
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FIG. 4. Fluoride inhibition of the F1 ATPase of S. mulans.

their acid/base physiology. In this paper, we compared
sensitivities to fluoride and have also considered nonoral
bacteria, particularly S. faecium ATCC 9790 (16). The
ATPases of S. mutans, S. milleri, S. sanguis, and S. lactis
appeared to be more sensitive to fluoride than the enzyme of
S. faecium, while the enzyme of S. salivarius had similar
sensitivity, and that of L. casei was less sensitive. Recently,
Kashket (J. Dent. Res. 65:736, 1986) has reported that the
membrane ATPase of S. rattus BHT was inhibited 50% by
about 2.6 mM fluoride and so appears to have approximately
the same sensitivity as the enzyme of S. mutans GS-5.
The greater sensitivity of the enzyme of S. mutans sug-

gests that direct inhibition of proton translocation by fluoride
could play a significant role in the antimicrobial action of
fluoride against this organism, especially the reduction in
acid tolerance. This reduction has been interpreted primarily
in terms of the weak-acid properties of fluoride. The pKa of
fluoride is 3.15, and in acidified cultures of S. mutans, part of
the fluoride would be in the HF or protonated form.
Gutknecht and Walter (10) found that the permeability
coefficient of synthetic membranes for HF was some 107
times that for F-. Therefore, even at pH values well above

the pKa of fluoride, the predominant movement of fluoride
into the cell would be as HF. Once inside the cell, in the
relatively alkaline cytoplasm, the HF would dissociate to
yield the enzyme inhibitor F-, but also H+, which would act
to acidify the cytoplasm and reduce AvpH across the cell
membrane. It seems that this movement of HF into the cell
in response to ApH across the cell membrane is the basis for
fluoride concentration by cells and for the subsequent re-
lease of fluoride when ApH has been dissipated (23). In fact,
the dissipation of /pH by fluoride has been assessed quan-
titatively (8, 14). However, it now appears that fluoride may
dissipate ApH not only by acting as a weak-acid carrier of
protons across the cell membrane but also by inhibiting the
ATPase which acts to move protons out of the cell. An initial
review of the data presented here would suggest that direct
inhibition of ATPases would not be very important because
it does not show a strong dependence on pH as does the
antimicrobial action of fluoride for whole cells. However,
the hydrolytic portion of the ATPase is on the cytoplasmic
face of the membrane. Therefore, when cells in acid media
concentrate fluoride, the ATPase would be exposed to levels
of fluoride higher than those in the environment, and so
inhibition would be greater at lower pH values. In essence,
the weak-acid property of fluoride would be important for
inhibition of membrane ATPases primarily because of con-
centration of fluoride into the cytoplasm of cells in acid media.
The mechanisms of inhibition of ATPases by fluoride are

unexpectedly complicated and appear to involve reversible,
noncompetitive inhibition over short periods and irreversible
inhibition over long periods. The latter type of inhibition was
not entirely unexpected, and similar inhibition occurs with
other phosphatase enzymes, for example, the pyrophos-
phatase of yeasts (2) or mitochondria (3). Baikov et al. (3)
analyzed fluoride inhibition of mitochondrial pyrophos-
phorylase in terms of rapid and reversible binding of F- to
the enzyme-substrate complex, with subsequent slow isom-
erization of the enzyme to an entirely inactive form. The
kinetics of inhibition of membrane ATPases by fluoride are
very similar to those for pyrophosphorylases. The picture is
somewhat more complicated for the ATPases because they
are inhibited by the product ADP, and so there is an
apparent loss of activity even for the control enzyme with
time. However, removal of the ADP restores full activity. In
contrast, full activity could not be restored after the enzyme
was incubated with fluoride at concentrations of 10 or 20
mM. Whether or not irreversible inhibition occurs in vivo is
an open question. Although the ATPases could be exposed
to high concentrations of fluoride when it is concentrated by
cells in acid media, still, once ApH across the membrane is
dissipated, the fluoride would be released from the cells, and
the cytoplasmic level would then drop. This release might
then protect the enzyme from irreversible inactivation.
The finding that the F1 enzyme of S. inutans is less

TABLE 3. Fluoride inhibition of F1 ATPases

% Inhibition

Fluoride concn S. mitans S. sanguis L. casei
(mM)

Initial rate Extent of Initial rate
Extent of Initial rate Extent of

Initialratehydrolysis" Inta aehydrolysis niahydrolysis
5 4 16 0 34 0 25
10 11 41 23 45 25 42
20 -9 25 8 42 40 58
50 -15 6 -15 13 45 29

a The extent of hydrolysis was assessed after 30 min of incubation at 37°C.
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sensitive to fluoride than the F1F0 holoenzyme associated
with the membrane was unexpected. In essence, it seemns
that the coupled reaction involving both ATP hydrolysis and
proton translocation is more sensitive to fluoride inhibition
than the uncoupled reaction. Possibly, fluoride affects the
proton pqre or interacts in some other way with the Fo
subunit. Clearly, the reaction is a novel one and deserves
further study.
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